Each winter, Iowa Department of Transportation (Iowa DOT) maintenance operators are responsible for plowing snow off roads in Iowa. Drivers typically work long shifts under treacherous conditions. In addition to properly navigating the vehicle, drivers are required to operate several plowing mechanisms simultaneously, such as plow controls and salt spreaders. However, there is little opportunity for practicing these skills in real-world situations. A virtual reality training program would provide operators with the opportunity to practice these skills under realistic yet safe conditions, as well as provide basic training to novice or less experienced operators.
INTRODUCTION
Each winter, Iowa Department of Transportation (Iowa DOT) maintenance operators are responsible for plowing snow off federal and state roads in Iowa. Drivers typically work long shifts under treacherous conditions. In addition to properly navigating the vehicle, drivers are required to operate several plowing mechanisms simultaneously, such as plow controls and salt spreaders. Furthermore, there is little opportunity for practicing these skills in real-world situations. During snowfalls, when training would be most realistic and effective, all available vehicles, drivers, and potential instructors are required to plow the roadways. Consequently, novice operators often do not undergo as comprehensive a training regimen as desired, and experienced operators do not have opportunities to improve their current practices or test new ones. Additionally, conducting novice snowplow operator training on roadways may present an unnecessary hazard for the trainee as well as other drivers.
Virtual reality training is an option when real-world training would be prohibitively high-priced, inappropriate, or hazardous. For example, because simulators provide a safe yet realistic environment in which students can be taught to operate aircraft, practice in flight simulators is a basic requirement of pilot training programs. A similar training program for snowplow operators would provide experienced operators with a chance to practice their skills under realistic yet safe conditions and would supply basic training to novice or less experienced operators. Training could be conducted during any time of year, but would be especially beneficial during the summer when vehicles and drivers are not engaged elsewhere.
This report is based on a collaborative effort between Iowa State University researchers and the Iowa DOT to evaluate the effectiveness of training operators with a TransSim VS III snowplow and truck driving simulator recently purchased by the Iowa DOT.
Several studies have shown that individuals tend to behave similarly in driving simulators as they do in real life. For instance, people drive at a similar speed without feedback from a speedometer (Panerai et al. 2001; Tornros 1998) , select a similar lane position (Tornros 1998) , and react similarly to stop signs and road markings (Godley, Triggs, and Fildes 2002) . Thus, people seem to react to driving simulators and simulated environments as if they were on a real roadway. Consequently, driving simulators have often been used as a surrogate for real vehicles when using real vehicles would be prohibitively expensive or dangerous. For example, Godley, Triggs and Fildes (2004) examined the driving behaviors of people traveling on alternating lane and lane marking widths in a simulator, such that wide lanes could be paired with narrow and wide lane markings, and narrow lanes could also be paired with narrow and wide lane markings. Greenberg et al. (2003) used a driving simulator to investigate whether cell phone use impaired adults' and teenagers' driving performance. In both of these examples, replicating the experiment on a real roadway would be expensive or potentially dangerous, both for the participants in the study and for other motorists.
Recently, some studies have specifically examined the effectiveness of snowplow simulation training. Strayers, Drews and Burns (2004) , in collaboration with the Utah Department of Transportation (UDOT), compared the performance on real highways of a group of operators who received snowplow simulator training to a matched group who did not. The authors found several indications that trained operators performed better than untrained operators. Specifically, trained operators experienced fewer accidents than untrained operators and recorded better fuel efficiency. Additionally, researchers from Arizona State University and the Arizona Department of Transportation (Kihl et al. 2006 ) administered snowplow simulator training over several years to operators from select districts while getting feedback on what operators thought were the most effective aspects of training.
In the present study, the researchers were interested in whether virtual reality snowplow simulator training, when combined with computer-based and traditional classroom training, would improve the performance of Iowa DOT snowplow operators. The behaviors of a group of both trained and untrained operators were compared in the simulator using various performance measurements, such as number of collisions, average speed, and fuel efficiency. Additionally, head and eye movements were monitored to determine whether simulation training would lead less experienced operators to behave more like highly experienced operators in terms of where they looked while driving. Finally, all operators completed a set of personality questionnaires designed to measure whether there were any personality variables associated with being a highly experienced snowplow operator and a set of simulator realism questionnaires designed to determine whether the simulator successfully mimicked the experience of driving a real snowplow. This approach of analyzing behaviors within the simulator allowed the researchers to avoid problems with collecting field performance data while still empirically investigating snowplow simulator training effectiveness, as reported by Strayer et al. (2004) and Kihl et al. (2006) , and the approach made it possible to safely monitor eye movements.
METHOD

Participants
Two hundred full-time Iowa DOT snowplow operators were randomly selected from a list of 1,098 current maintenance workers, with a representative number chosen from the six districts in Iowa, to participate in this study. Half of the operators were randomly chosen to be in the control group, and the other half comprised the experimental group. These groups were matched in terms of age, district, number of accidents in the past five years and approximate amount of snowplowing and truck driving experience. Operators were informed that they would be receiving mandatory training, but that they had the option of participating in the study to assess training effectiveness. Overall, 174 operators, 84 in the experimental and 90 in the control group, participated in the study.
Apparatus
Participants received training in the TranSim VS III truck and snowplow simulator (see Figure 1) . The VS III has a 180 degree horizontal and 37 degree vertical viewing area at 34 inches from the center screen, and is comprised of three 1024 x 768 monitors with a refresh rate of 70 Hz. The driving apparatus is similar to what would be found in a typical truck: functional brake, clutch, and accelerator pedals; radio; transmission; and digit gauges, all of which can be tailored to the requirements of the trainer. Although a clutch pedal was present, all simulations used an automatic transmission. The simulator also outputs digital sound designed to mimic normal operating sounds, such as engine and exterior noise. Tactile transducers under the drivers' seat provided simulated road vibration. Finally, two graphical rear view mirrors were displayed on the bottom corners of the central screen (spot mirrors) along with two graphical adjustable side mirrors on the outer half of the left and right screens (wing mirrors).
Three weeks into the study, certain parts of the driving simulator were upgraded: more snow was added to the edges of the windshield, and a few additional cars were added to the test scenario. Also as part of the upgrade, some of the tests for the performance measures were changed or excluded. Unless otherwise stated, the performance statistics reported only include the 136 participants who completed the training after the upgrade.
In order to track the participants' eyes and head movements, cameras were mounted on the very top of the simulator, approximately six inches above the central monitor, so as not to interfere with participants' Masciocchi, Dark, Parkhurst 4 performance in the simulator. The tracking was accomplished by running FaceLab (version 3.2) software. Head and eye movements were recorded only for the data collection scenarios.
Figure 1. Photograph of the simulator Procedure
Training was conducted primarily at the main District 1 facility in Ames, Iowa. Typically, participants were trained in groups of two in a session that lasted for approximately four hours. Participants were first introduced to the trainer, who was an experienced Iowa DOT snowplow operator, and shown the simulator. The trainer drove a three-minute scenario down a sparsely populated rural road to acquaint the participants with the visuals and with the auditory feedback. Operators who chose to participate then drove an introductory three-minute scenario through a snowy highway to become acclimated to the controls and handling of the simulator.
Immediately after the orientation drive, participants completed their first set of questionnaires. This set included the NEO Five-Factor Inventory, which is based on the Five-Factor Model developed by Costa and McCrae (1985) ; a modified version of Zuckerman's (1979) Sensation Seeking Scale (form V); and Witmer and Singer's (1998) immersive tendencies questionnaire.
While participants were completing these questionnaires, they took turns driving the first data collection scenario. The scenario involved merging onto an interstate in snowy conditions and plowing snow for approximately 10 minutes. The simulated vehicle had a right plow and right wing, although participants did not control this equipment. At various times during the scenario, participants had to pass slow moving vehicles in the right lane, while avoiding striking them with the right wing, and then merge back into the right lane to avoid faster moving vehicles approaching from the rear. Participants were instructed to operate the simulator in the same manner that they would operate a snowplow while removing snow on a real highway.
After completing the first set of questionnaires and the first data collection scenario, operators assigned to the control group immediately completed the second data collection scenario. The second scenario was identical to the first. Following completion of the second drive, individuals in the control group began their training. Participants in the experimental group received training before completing their second data collection scenario. Thus, the control group performed both data collection scenarios prior to training, while the experimental group performed one scenario prior to training and one after training.
The training consisted of three parts: a lecture that included PowerPoint slides, a computer exercise, and a simulator exercise. The trainer began by giving a 20-to 25-minute lecture, which included a PowerPoint presentation. The lecture focused on the importance of being aware of the space around the vehicle and included a discussion of the Scan-Identify-Predict-Decide-Execute (S.I.P.D.E.) method. After the PowerPoint lecture, each participant completed a 5-to 10-minute driving scenario in the simulator, during which he or she was encouraged to employ the techniques learned during the lecture. Next, participants completed a self-paced computer exercise in which they watched short video clips that contained information about passing vehicles, speed management, and space management. Finally, participants drove an additional 5-to 10-minute scenario in which they were again instructed to employ the techniques that they learned during the PowerPoint lecture and the computer exercise. Training concluded with the trainer giving a 5-to 10-minute summary of the information covered during training.
Once training ended, participants in the control group completed their second set of questionnaires. Participants in the experimental group drove the second data collection scenario before completing the questionnaires. The questionnaires included a modified version of Witmer and Singer's (1998) presence questionnaire, Kennedy et al.'s (1993) Simulator Sickness Questionnaire (SSQ), and a modified version of the questionnaire used by Strayer et al. (2004) for the UDOT snowplow study.
RESULTS
In addition to contrasting performance between the experimental and control groups, the researchers also took operator expertise into account in examining the results. Specifically, participants were divided into three groups based on their amount of snowplow experience in the field: low experience (0-5 years), medium experience (6-15 years), and high experience (16+ years). These ranges were recommended by the Iowa DOT.
For a more in depth analysis of these results, see Masciocchi, Dark, and Parkhurst (2007) .
Pre-Training Questionnaires
The personality questionnaires showed few differences among the experience groups. In terms of the effectiveness of simulator training, the most important result from this set of questionnaires concerns the immersion questionnaire (Witmer and Singer 1998) . Immersion is defined as the ability to become enveloped or involved in an environment or task. People with high immersive tendency scores, therefore, would be hypothesized to become particularly involved in simulator training. The scores for operators in the low, medium, and high experience groups were compared to determine whether operators in one group may show lower mean scores than the others, and thus potentially not benefit as much from simulator training. The mean score (M = 93.5) indicated a moderate level of immersion, with no differences among the experience groups. Although one must be cautious when interpreting the lack of a difference, the means suggest that older, highly experienced operators will be as likely to become immersed in simulator training as younger, less experienced operators. To the extent that immersion is a necessary prerequisite to successful simulator training, then, experienced operators should have the potential to benefit as much from training as less experienced operators.
Post-Training Questionnaires
This set of questionnaires consisted of the presence questionnaire (Witmer and Singer 1998) , the SSQ (Kennedy et al. 1993) , and the quality of training questionnaire based on Strayer et al. (2004) . Witmer and Singer (1998) defined presence as "the subjective experience of being in one place or environment, even when one is physically situated in another" (p. 225). In this case, participants were physically located in the training room, but they may have subjectively felt like they were driving a snowplow on a road. We had similar concerns regarding presence that we did with immersion, specifically, that some group of operators, based on experience operating a real snowplow, may have felt less presence, and consequently benefited less from simulator training. Once again, however, operators from the low, medium, and high experience groups had very similar presence scores, suggesting that they should feel similar amounts of presence in the simulator, and potentially benefit similarly from training in the simulator. The mean score (M =142.0) indicated a moderate to high level of presence.
Another encouraging result came from responses to the sickness questionnaire. Participants completed Kennedy et al.'s (1993) SSQ, which contains 16 questions concerning various symptoms of simulator sickness that users of virtual reality equipment may experience. Participants were asked to respond on a scale from 0 ("none") to 3 ("severe"), indicating the extent to which they experienced each symptom. Simulator sickness scores were low overall, with mean scores less than what would correspond to a 1 ("slight") for the 16 symptoms. Moreover, only 5 out of 174 participants were unable to complete the simulator training due to excessive simulator sickness. Thus, it does not appear that simulator sickness is an obstacle to the use of this simulator in training Iowa DOT operators.
Finally, results from the quality of training questionnaire showed that participants seemed to enjoy training. Questions examined simulator training, computer-based training, the lecture, the trainer, and whether training was valuable. Participants responded to these questions on a scale from 1 to 7. Approximately 80% of participants gave a score of neutral or above for the simulator training portion of training, suggesting that most participants enjoyed the simulator aspect of training. Participants were then asked to complete a series of simulator realism questions, once again using a scale from 1 to 7, which asked about the realism of various aspects of the simulator, as well as several free-response questions concerning the quality of the simulator training. Realism scores were moderately high (average score approximately 5), and operators gave several suggestions in the free-response section about how to better simulate real driving conditions.
Performance in the Simulator
The number of accidents in which participants were involved during the first and second data collection drives in the simulator was examined. Additionally, participants' data were examined based on their realworld experience level (see Figure 2) . Operators in the experimental group had more collisions overall than control group operators, but this difference was present on the first drive and did not interact with time. The most likely explanation is that pre-existing baseline differences produced this effect. More interesting was the finding that more highly experienced snowplow operators had fewer accidents than less experienced snowplow operators. Thus experienced drivers, who presumably had a longer time to refine their skills in the field prior to receiving simulator training, had fewer collisions in the driving simulator than less experienced operators, who had not had as much snowplowing experience. Such data confirm the assumption that simulator performance maps onto real-world performance. Finally, there was also some evidence that low-experience operators in the experimental group showed a greater improvement from their first data collection drive to their second than operators in the control group. This would suggest that training was particularly useful for these operators. However, baseline differences and difficulties in determining the true number of accidents in which some operators were involved complicate the interpretation of this finding. These analyses included data from operators who participated prior to the simulator upgrade.
Figure 2. Mean number of collisions (with standard error bars) for the three experience groups during the first and second drive
Differences in average speed and fuel consumption were also examined. For these analyses, however, only those operators who participated after the simulator upgrade were included. Figure 3 shows the differences between the second and first data collection drives for operators in the control and experimental groups as a function of experience level. Overall, both groups drove more quickly in their second data collection drive than in their first, but this difference was approximately three times as large for operators in the experimental group. Moreover, this increase in speed came with only a small, but statistically reliable, decrease in fuel efficiency. In other words, operators who received training between their first and second data collection drives managed to increase their speed on their second drive, relative to their first, while showing only a minor decrease in fuel efficiency. Training that leads to operators covering more ground with a similar amount of fuel consumption may lead to overall lower costs. 
Fixation Location
A model of the interior of the simulator was created in order to calculate where participants were looking. Six discrete regions were identified, roughly corresponding to the left and right panels, the center portion of the center panel, the left and right sides of the center panel (i.e., left and right spot mirrors), and the speedometer (located below the center panel). Next, the researchers determined the amount of time that participants spent fixating on each of these six areas, once again comparing across experience, group, and drive number.
Overall, it was found that operators in the low-experience group who received training showed a change in fixation behavior from their first to second drives, which was not seen for operators in the control group. Specifically, the trained, low-experience operators spent more time looking at locations on the left side of the simulator (left panel, left spot mirror) and less time looking at locations on the right side (right panel, right spot mirror). Untrained, low-experience drivers did not show as great a tendency to focus on the left side of the vehicle. We believe this reflects a tendency for trained operators to use the center of their vehicle to judge the alignment of their right wing. In other words, instead of looking out the right side of their vehicle to determine whether their right wing was aligned approximately with the side lane marker, they were relying on the central lane marking to position their vehicle. According to experienced operators at the Iowa DOT, this is consistent with how operators are instructed to operators their snowplow in the field. The obvious advantage to this method is that it allows the operator to concentrate on the road in front of the snowplow, where the majority of potential hazards are likely to be located. Moreover, in the data collection scenarios, a frequent hazard came from fast moving vehicles passing the snowplow in the left lane. Thus, it may have been advantageous for operators to also spend additional time monitoring the left side of their vehicle, reflecting the trend for operators to look out the left side of their vehicle on their second drive. A separate measure showed that highly experienced operators blinked more than less experienced operators, which further suggests that the more experienced drivers did not need to concentrate as hard to drive the simulator.
DISCUSSION
The results of this study suggest that Iowa DOT operators enjoyed and seemed to benefit from virtual reality snowplow simulator training. Operators from all age groups and levels of experience reported having similar immersive tendencies in their everyday life and experienced a similar amount of presence within the simulator. One interpretation is that operators of all ages and levels of experience have a similar potential to benefit from training. The responses to the training questionnaire tend to support this explanation: Operators from all three levels of experience rated all aspects of training similarly. Additionally, although there was a lot of variation in reported simulator sickness scores, mean ratings were relatively low. As might be expected from the simulation literature, there was some evidence that amounts of simulator sickness increased with age (Arms and Cerney 2005) ; however, the mean ratings for all experience groups were less than what would constitute a response of "slight" for the listed symptoms. In future training sessions, when there is no experimental protocol, more time can be devoted to acclimating operators to the simulator. This likely will lead to even lower simulator sickness scores.
The performance data suggest that training was beneficial. Specifically, low-experience operators who received training before their second data collection drive showed a larger decrease in the number of collisions relative to their first drive than did low-experience operators who did not receive training before their second data collection drive. Difficulties in interpreting the performance files from the simulator software, however, make drawing conclusions from these results problematic. This finding was actually somewhat unexpected, considering that training only lasted for around 1.5 to 2 hours. Training programs for less experienced drivers that are able to devote more time to training, particularly within the driving simulator, should be more likely to produce measurable performance improvements.
Operators in the experimental group also showed a significant increase in their average speed in their second drive compared to their first drive, as well as compared to the second drive for operators in the control group. Importantly, this increase in speed came with a negligible increase in fuel consumption.
Thus, this finding also shows that drivers who received training tended to perform better in the simulator than drivers who did not receive training before their second data collection drive.
The eye monitoring data showed that low-experience operators who received training showed a quantitatively different pattern of location fixation in the simulator than untrained operators. Specifically, low-experience operators in the experimental groups spent more time looking at the left panel and left spot mirror and less time looking at the right panel and right spot mirror on their second drive compared to their first. They may have concluded during the first drive that there was a benefit to looking at the left side of the simulator as opposed to the right, or they may have become more comfortable with the virtual reality environment and started behaving as they normally do when driving a snowplow.
The different variables measured in the current study indicate that drivers were behaving in the simulator as one may predict based on their amount of snowplowing experience. Less experienced operators showed a tendency to be involved in more accidents than more experienced operators, while experienced operators seemed not to concentrate as hard on driving in the simulator. Training also seemed to benefit less experienced operators in particular, and there is some evidence to show that all drivers who received training used better driving habits on their second data collection drive.
The major caveat of this study, however, is that the observed benefits of training reflect only the behaviors within the simulator. Although drivers who received training appeared to perform better on their second drive than those who had not had training at that point, it is unclear whether the benefits would transfer to real-world snowplowing behaviors. Previous research has shown that individuals tend to behave similarly in driving simulators as they do in real-world settings (Godley et al. 2002; Panerai et al. 2001; Tornros 1998) , but this has never directly been tested for snowplowing. Another potential concern is that the benefits for the experimental group may simply reflect the fact that these operators had additional time to drive the simulator during training. We believe that this explanation is unlikely, however, because operators only drove two 5-to 10-minute scenarios during training, and the training scenarios involved truck driving rather than snowplow operating. Thus, the benefits seen as a result of training were not likely due solely to the fact that participants in the experimental group spent more time in the simulator. Information learned during the lecture and computer-based portions of training undoubtedly also contributed to the improvements in operators' performance.
Different types of follow up research are suggested by the current results. One possibility is that these results be replicated in a field analysis, either as part of a short-term study focused on fuel efficiency, or a longitudinal study investigating the number and severity of accidents across many years. Such a study would help to establish the relationship between snowplow simulator performance and real-world performance that has been established for driving. Although that certainly is a desirable goal, an alternative application of simulator technology may be to train drivers on a set of difficult maneuvers, such as plowing overpasses or highway exit/entrance ramps. This would allow for an easier, but still very useful, evaluation of simulator training effectiveness while focusing on tasks that may be difficult to practice in the real world. Overall, virtual reality simulator training seems to be an effective method of safely and inexpensively training Iowa DOT snowplow operators from all levels of experience.
